Quantum teleportation of optical coherent states was demonstrated experimentally using squeezed-state entanglement. The quantum nature of the achieved teleportation was verified by the experimentally determined fidelity F exp ϭ 0.58 Ϯ 0.02, which describes the match between input and output states. A fidelity greater than 0.5 is not possible for coherent states without the use of entanglement. This is the first realization of unconditional quantum teleportation where every state entering the device is actually teleported.
Quantum teleportation of optical coherent states was demonstrated experimentally using squeezed-state entanglement. The quantum nature of the achieved teleportation was verified by the experimentally determined fidelity F exp ϭ 0.58 Ϯ 0.02, which describes the match between input and output states. A fidelity greater than 0.5 is not possible for coherent states without the use of entanglement. This is the first realization of unconditional quantum teleportation where every state entering the device is actually teleported.
Quantum teleportation is the disembodied transport of an unknown quantum state from one place to another (1) . All protocols for accomplishing such transport require nonlocal correlations, or entanglement, between systems shared by the sender and receiver. John Bell's famous theorem on the incompatibility of quantum mechanics with local hidden variable theories establishes that entanglement represents the quintessential distinction between classical and quantum physics (2) . Recent advances in the burgeoning field of quantum information have shown that entanglement is also a valuable resource that can be exploited to perform otherwise impossible tasks, of which quantum teleportation is the prime example. Teleportation of continuous quantum variables. To date, most attention has focused on teleporting the states of finite-dimensional systems, such as the two polarizations of a photon or the discrete level structure of an atom (1, (3) (4) (5) (6) (7) (8) . However, quantum teleportation is also possible for continuous variables corresponding to states of infinitedimensional systems (9, 10) , such as optical fields or the motion of massive particles (11) . The particular implementation of teleported optical fields is noteworthy in four ways. First, the relevant optical tools are powerful and well suited for integration into an evolving communication technology. Second, these methods apply to other quantum computational protocols, such as quantum error correction for continuous variables using linear optics (12) and superdense coding of optical information (13) . Third, finite-dimensional systems can always be considered as subsystems of infinite-dimensional systems where the above advantages can be put to use. Finally, a relatively simple design is implemented that eliminates the need for some nonlinear operations (10); these nonlinear operations constitute the main bottleneck to the efficacy of other teleportation schemes.
This teleportation scheme uses the protocol described in (10) . The experimental setup ( Fig. 1 In our scheme, a third party, Victor (the verifier), prepares an initial input in the form of a coherent state of the electromagnetic field ͉v in ͘, which he then passes to Alice for teleportation. Likewise, the teleported field that emerges from Bob's sending station is interrogated by Victor to verify that teleportation has actually taken place: At this stage, Victor records the amplitude and variance of the field generated by Bob, and is thereby able to assess the "quality" of the teleportation protocol. This is done by determining the overlap between input and output as given by the fidelity F ϵ ͗v in ͉ out ͉v in ͘. As discussed below, for the teleportation of coherent states, F c ϭ 0.5 sets a boundary for entrance into the quantum domain in the sense that Alice and Bob can exceed this value only by making use of entanglement (14) . From Victor's measurements of orthogonal quadratures (see below), our experiment achieves F exp ϭ 0.58 Ϯ 0.02 for the field emerging from Bob's station, thus demonstrating the nonclassical character of this experimental implementation.
To describe the infinite-dimensional states of optical fields, it is convenient to introduce a pair (x, p) of continuous variables of the electric field, called the quadrature-phase amplitudes (QAs), that are analogous to the canonically conjugate variables of position and momentum of a massive particle (15) . In terms of this analogy, the entangled beams shared by Alice and Bob have nonlocal correlations similar to those first described by Einstein et al. (16) . The requisite EPR state is efficiently generated via the nonlinear optical process of parametric down-conversion previously demonstrated in (17) . The resulting state corresponds to a squeezed two-mode optical field. In the ideal case, namely perfect EPR correlations and lossless propagation and detection, the teleported state emerges from Bob's station with perfect fidelity F ϭ 1 (10) .
Apart from the advantages of continuous quantum variables, our experiment is significant in that it attains full teleportation as originally envisioned in (1) . This is in contrast to previous teleportation experiments where no physical state enters the device from the outside (7 ) or where the teleported state is destroyed at Bob's station (8) , never emerging for subsequent exploitation (18) . Furthermore, in both these previous experiments, there never exists an actual physical field with high (nonclassical) teleportation fidelity at the output.
Apparatus and protocol. As illustrated in Fig. 1 , entangled EPR beams are generated along paths {1, 2} by combining two independent squeezed beams at a 50/50 beam splitter (19) , with the relative phase between the squeezed fields actively servo-controlled. The squeezed fields are themselves produced by parametric down-conversion in a subthreshold optical parametric oscillator (OPO) (20) . The particular setup is as described in (21), save one important exception. Because the cavity for the OPO is a traveling-wave resonator (that is, a folded-ring geometry), it is possible to drive the intracavity nonlinear crystal with two counterpropagating pump beams to generate two (nominally) independent squeezed fields countercirculating within the cavity and emerging along the separate paths {i, ii} (see Fig. 1 ). Note that the light from a single-frequency titanium sapphire (TiAl 2 O 3 ) laser at 860 nm serves as the primary source for all fields in our experiment. Ninety percent of the laser output at frequency L is directed to a frequency-doubling cavity to generate roughly 300 mW of blue light at 2 L (22) , with this output then split into two beams that serve as harmonic pumps for (degenerate) parametric down-conversion, 2 L 3 L Ϯ ⍀, within the OPO. Both *To whom correspondence should be addressed. Email: hjkimble@cco.caltech.edu the doubling cavity and the cavity of the OPO contain an a-cut potassium niobate (KNbO 3 ) crystal for temperature-tuned, noncritical phase matching, with the lengths of both cavities under servo-control to maintain resonance for a TEM 00 longitudinal mode.
Our protocol is as follows: EPR beam 1 ( Fig. 1) propagates to Alice's sending station, where it is combined at a 50/50 beam splitter with the unknown input state ͉v in ͘, which is a coherent state of complex amplitude v in ϵ x in ϩ ip in . Alice uses two sets of balanced homodyne detectors (D x , D p ) to make a "Bell-state" measurement of the amplitudes x ϭ (x in -x 1 )/ ͌ 2 and p ϭ (p in ϩ p 1 )/ ͌ 2 for the input state and the EPR field 1 of amplitude ␣ 1 ϵ x 1 ϩ ip 1 . The classical (photocurrent) outcomes are denoted by (i x , i p ) respectively, and are scaled to (x, p). At unit efficiency, such detectors provide "optimal" information about (x, p) via (i x , i p ) (23) (24) (25) , with the knowledge gained about the unknown input state ͉v in ͘ going to zero as i,ii
Ϫ denotes the variances of squeezed QAs of the fields along paths {i, ii}.
Because of the entanglement between the EPR beams {1, 2}, Alice's Bell-state detection collapses Bob's field 2 into a state conditioned on the measurement outcome (i x , i p ). Hence, after receiving this classical information from Alice, Bob is able to construct the teleported state out via a simple phase-space displacement of the EPR field 2 (26 ). In our experiment, the amplitude and phase modulators (M x , M p ) shown in Fig. 1 transform the (amplified) photocurrents (i x , i p ) into a complex field amplitude, which is then combined with the EPR beam 2 at the mirror m Bob of reflectivity 0.99. In this manner, we affect the displacement
, where g describes Bob's (suitably normalized) gain for the transformation from photocurrent to output field. In the limit i,ii
[that is, the EPR beams become "quantum copies" of each other with respect to their QAs (19) ], so that for g ϭ 1, out 3 ͉v in ͘ ͗v in ͉, resulting in perfect teleportation with fidelity F 3 1.
Quantum versus classical teleportation. Of course, the limit F ϭ 1 is reached only for ideal (singular) EPR correlations and for lossless propagation and detection. To aid in quantifying the "quality" of teleportation in our actual experiment, we calculate F for the case of a finite degree of EPR correlation and in the presence of non-unit efficiencies, which for a coherent-state input ͉v in ͘ becomes
, where Q is the variance of the Q function of the teleported field, given by
Here, Ϯ are the variances of the amplified/ squeezed QAs that are summed to form the EPR beams (assuming i Ϯ ϭ ii Ϯ ), 1,2 characterize the (amplitude) efficiency with which the EPR beams are propagated and detected along paths {1, 2}, and gives the (amplitude) efficiency for detection of the unknown input state by Alice (10) .
Classical (23); the other quduty results from Bob's displacement.
However, quantum teleportation should necessarily require Alice and Bob to share a nonlocal quantum resource, such as the EPR beams in our experiment. The question of the operational verification of this shared entanglement is relevant not only to our teleportation protocol, but also to eavesdropping in quantum cryptography (27) . So long as Alice and Bob can communicate only over a classical channel, we have shown that for g ϭ 1, W Ͼ in ϩ 2, so that W c ϭ 3 heralds the boundary between quantum and classical teleportation for coherent-state inputs. More generally, even in the absence of loss, Alice and Bob can achieve F Ͼ 1/2 for an unknown coherent state only by way of shared quantum entanglement, as can be operationally (and independently) verified by Victor (14) . Note that for experiments involving photon polarization as in (7, 8) , the corresponding fidelity threshold for a completely unknown quantum state is F Ͼ 2/3 (28), which could not be approached because of the low detection efficiencies. Moreover, in contrast to the work in (7, 8) , Victor need not to make any arrangement with Alice and Bob in order to make an objective assessment of the quantum nature of the teleportation process.
Experimental results. We concentrate first on Alice's measurement of the unknown input state (Fig. 2) . The spectral density of photocurrent fluctuations ⌿ x Alice (⍀), recorded by Alice's balanced homodyne detector D x as the phase in of the coherent-state input [v in ϭ v in exp(i in )] is swept linearly by Victor, is shown in Fig. 2A . The various spectral densities displayed in Fig. 2 are directly related to the means and variances of the quadrature-phase amplitudes of the incident fields (17, 19) . Because we are dealing with broad-bandwidth fields, the single-mode treatment of (10) must be generalized to the case of multimode fields of finite bandwidth (29) . In this situation, the relevant quantities are the spectral components (x(⍀), p(⍀)) of the QAs, where a general QA at phase ␦ is defined by
with â(â † ) as the annihilation (creation) operator for the field at offset ⍀ from the optical carrier, with (x(⍀), p(⍀)) ϭ (z(⍀, 0), z(⍀, /2)), and with the integration extending over a small interval ⌬⍀ about ⍀. We then have (15, 17) . As shown in (29) , the teleportation protocol of (10) remains unchanged in its essential character. However, now the state being teleported describes the field at frequency offset Ϯ⍀ within a bandwidth ⌬⍀ about the carrier L (that is, AM and FM modulation sidebands), with FM sidebands applied by Victor to create the input v in (⍀). Given Alice's measurement of (x(⍀), p(⍀)), the next step in the protocol is for her to send the (classical) photocurrents (i x (⍀), i p (⍀)) to Bob, who uses this information to generate a displacement (a coherent modulation at ⍀) of the field in beam 2 by way of the modulators (M x , M p ) and the mirror m Bob . Note that the phases of both Alice's and Bob's fields relative to the EPR beams {1, 2} are fixed by servocontrol. Bob's action results in the teleported output field, which is subsequently interrogated by Victor by way of his own (independent) balanced homodyne detector. Shown in Fig. 3 is Victor's measurement of the QAs of the teleported field, as expressed by the spectral density of photocurrent fluctuations ⌿ Victor (⍀) as a function of time, again as the phase in is linearly swept. Here, the gain is g ϭ 1 (that is, 0 dB), so that Victor's signal level rises 3 dB above that in Fig. 2A , in correspondence to a reconstruction of the coherent amplitude v in (⍀) 3 v out (⍀) for the output field. This transformation is independent of the phase of the input field relative to Alice's detectors (D x , D p ) and to the consequent division of this amplitude to Bob's modulators (M x , M p ), so that the phase of the teleported field tracks that of the input. In the particular case of Fig. 3A , the phase Victor of Victor's local oscillator is servo-controlled relative to Alice's and Bob's fields, but it can as well be freely scanned. As in Fig. 2 , the phaseinsensitive noise levels in Fig. 3A correspond to the case of a vacuum-state input v in ϭ 0, first with no EPR beams present (that is, classical teleportation with i,ii Comparison of the data in Fig. 4 with the theoretical result from Eq. 2 and the independently measured quantities 1,2 ϭ 0.90 Ϯ 0.04, 2 ϭ 0.97 Ϯ 0.02, and { -ϭ 0.5 Ϯ 0.1, ϩ ϭ 1.8 Ϯ 0.2} yields reasonable agreement. In particular, the EPR beams bring a reduction of W x,p below the limit W c for classical teleportation with vacuum-state inputs over a reasonably wide range in g. Results similar to these are obtained for W with Victor swept independent of (D x , D p ). Note that in a given experiment, we observe a systematic increase in W p / W x Ϸ 1.05, which is presumably associated with asymmetries and non-ideal couplings of the squeezed beams {i, ii} that are summed to produce the EPR beams {1, 2} (17) .
Data as in Fig. 4 , together with a record of the mean coherent amplitude ␤ out (⍀) ϭ gv in (⍀) measured by Victor for the teleported field, allow us to infer the fidelity by way of a simple generalization of Eq. 1, namely
) are the variances for the Q function obtained by Victor from measurements of the spectral densities of photocurrent fluctuations (that is, without correction for his detection efficiencies). Again under the assumption of Gaussian statistics for the teleported field, we thus deduce F, with the results shown in Fig. 5 . The filled points around g ϭ 1 (0 dB) are from independent measurements of W (14) , so that F q exp Ͼ F c demonstrates the nonclassical nature of the experiment.
By exploiting squeezed-state entanglement, we have the first realization of quantum teleportation as originally proposed in (1): An unknown quantum state input to Alice's station is transported to a field recreated at Bob's remote station. The quantum nature of the protocol is demonstrated with reference to both the variance W of the teleported field and its fidelity F relative to the original input state, where we emphasize that W and F relate to a physical field emerging from Bob's station. Because we have made no correction for the finite efficiency of Victor's detection process, the fidelity of the actual teleported field is higher than that quoted. Even without such correction, the overall efficiency of our scheme, together with the shared entanglement of the EPR beams, ensure full quantum teleportation: A quantum state presented at the input is teleported with nonclassical fidelity on each and every trial (of duration given by the inverse bandwidth 1/⌬⍀). This high-efficiency experimental implementation of a quantum algorithm for continuous variables suggests that other protocols, including quantum error correction (12) and superdense coding (13) of optical fields, are not far from realization. 
